The fabrication and use of metal nanoparticles to influence electronic transitions in a given molecule is of growing interest; there is much to be gained by developing and exploiting methods to enhance weak optical signals. Singlet molecular oxygen, O 2 (a 1 Δ g ), which is an important intermediate in many oxidation reactions, particularly in biological systems, is ideally monitored by the 1275-nm O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) phosphorescent transition. Unfortunately, the latter is highly forbidden and, as such, often presents a severe limitation in the application of this optical probe. In this paper, we describe how this weak phosphorescent transition can be enhanced by using localized surface plasmons (LSPs) from specially engineered gold nanostructures. In an attempt to elucidate the mechanism of this process, data were recorded from samples in which we decoupled the component of the plasmon resonance that absorbs incident light from the component that scatters incident light. We find that the latter appears to be the feature of significance in the process through which singlet oxygen phosphorescence is enhanced. In this work, we also illustrate how the singlet oxygen system provides an ideal model for a general study of metal-enhanced radiative rate constants.
INTRODUCTION
Interest in the synthesis and characterization of metal nanoparticles has increased tremendously with the realization that such particles have unique properties that (i) challenge our understanding and interpretation of fundamental scientific principles, and (ii) have pertinent applications in a number of fields [1] [2] [3] . The characteristic feature of a metal nanoparticle that defines many properties of interest is the localized surface plasmon (LSP). The LSP reflects the confined motion of the electrons on the surface of the metal and, as such, depends on the material, size, and shape of the nanoparticle. Given the nanoparticle dimensions generally involved, these motions define an electric field that is pertinent with respect to the interaction of the nanoparticle with visible and near-IR electromagnetic radiation [2, [4] [5] [6] . As has been exemplified in recent years with gold and silver particles in particular, these nanomaterials can be useful in a range of applications that involve light, ranging from communications and imaging procedures to the development of new medical techniques [7] [8] [9] [10] [11] [12] .
The research community has increasingly focused on efforts to use metal nanoparticles to enhance electronic transitions in a molecule placed within the electric field defined by the LSP [13] [14] [15] [16] . Although the development of a viable application-driven tool provides the impetus for many programs, a significant effort is also being devoted to elucidate the mechanism by which the LSP-dependent field can influence an electronic transition. In connection with our research program on singlet oxygen [17] , we are likewise interested in specific features of an LSP.
Singlet oxygen, O 2 (a 1 Δ g ), the lowest-lying excited electronic state of molecular oxygen, is a reactive species with a rich and unique behavior pertinent to a wide range of scientific disciplines [17] . It is important in processes that include the degradation of polymeric materials and mechanisms by which cellular function is altered in both plant and animal systems. Indeed, singlet oxygen is a key intermediate in events that can result in cell death which, in turn, is the basis for the medical treatment of photodynamic therapy (PDT) where undesired tissue can be destroyed. With these points in mind, it becomes apparent that methods by which singlet oxygen can be monitored in a given system become important.
Over the past 30 years, the technique of choice to monitor singlet oxygen from a wide range of systems has invariably been the use of the 1275 nm O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) phosphorescent transition [17] [18] [19] . This tool has recently been extended to also include microscope-based techniques where data can be recorded, for example, from a single biological cell [17, 20, 21] . Use of this phosphorescence as a probe, however, is limited by the fact that this transition is inherently very weak. From the perspective of selection rules defined by quantum mechanical principles, it is forbidden as an electric dipole process on the basis of electron spin, orbital angular momentum, symmetry, and parity. Indeed, even when perturbed by collisions with surrounding solvent, typical quantum yields of phosphorescence fall in the range of 10 -5 -10 -8 [18, 19] . Although advances in instrumentation for detecting weak optical signals may eventually help alleviate some limitations associated with the use of this phosphorescence as a probe, it is clear that mechanisms by which one might enhance the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition could also have a significant impact. It is in this regard that we consider the effects of an electric field defined by the LSP of a metal nanoparticle.
The metal-enhanced phenomenon
It is well established that electric fields associated with specific metal surfaces can enhance a spectroscopic transition in a nearby molecule. The classic example of this phenomenon is surface-enhanced Raman scattering (SERS) [22] . It has likewise long been known that metal surfaces can enhance the intensity of IR absorption bands [23] . The related concept that a metal surface can influence the probability of an electronic transition has likewise been established [13] [14] [15] [16] , although much about this latter phenomenon remains to be understood and ultimately exploited [24, 25] . To this end, the advent of techniques by which homogeneous distributions of metal nanoparticles with characteristic LSPs can be prepared is seen to be a boon [26] [27] [28] [29] .
Optical properties of nanostructures
The metal-enhanced phenomena in which we are interested are linked to the electronic and optical properties of the given nanoparticle being used. In short, aspects of the LSP are manifested in the optical properties of the particle (or a collection of such particles).
The observation that dispersions of small metal particles (i.e., colloids) give rise to distinct colors dates back to the fourth century [30] . However, the understanding of the physics behind this observation was not established until Mie solved the Maxwell equations for a spherical particle [31] .
A plasmon is the quantum of energy related to the collective oscillation of electrons in a metal, and a surface plasmon derives from electron oscillation at the surface of the metal. When a large surface is divided into smaller parts, or when one constructs a nanoparticle, a confinement condition arises, and the resulting surface plasmon is then called a LSP. As we have mentioned, the LSP energy depends on the shape and size of the confined domain. A surface plasmon can be excited when the incident energy (e.g., light) is resonant with the energy of the plasmon, and this defines the localized surface plasmon resonance (LSPR). The LSPRs of easily prepared gold and silver spherical nanoparticles appear in the visible region of the spectrum, thus giving rise to the metal-dependent colors that have been known for centuries.
Due to the high symmetry of a spherical particle, the associated LSP is not easily tuned over a wide energy range. However, an asymmetric particle, such as a nanorod, exhibits transverse as well as longitudinal surface plasmon bands, both of which likewise respond to the particle geometry [29] . This increase in structural complexity makes it correspondingly easier to achieve LSPs over a wide range of energies. Recent advances in the development of methods by which asymmetric nanoparticles can be prepared in a controlled fashion have made it possible to correlate experimental LSPR data with theoretical predictions, thus adding further insight into our general understanding of the interaction between light and matter [5, 28, 29, [32] [33] [34] [35] .
Metal-enhanced fluorescence and phosphorescence
With the advent of techniques by which novel nanoparticles can be prepared and characterized, it has become feasible to systematically address how such nanoparticles can perturb electronic transitions in a nearby molecule [13] [14] [15] [16] 36] . Because LSPRs in readily prepared gold and silver particles are in the visible region of the spectrum, much of the work thus far has focused on studying fluorescence and phosphorescence from common organic chromophores [13, [37] [38] [39] [40] [41] . Enhancement has also been observed using other metals [42] as well as hybrid systems (e.g., metal-silica composites) [43] . In general, substantive evidence has been presented to support the fact that either fluorescence or phosphorescence can indeed be enhanced by placing the organic chromophore in a spatial domain near a metallic nanoparticle where the electric field is comparatively intense.
Scattering vs. absorption
To observe an LSP-dependent metal-enhanced effect on the emission from a given molecule, or more specifically on the radiative rate constant for emission, the energy of the transition being investigated must match that of the LSP. In short, a resonant condition must be achieved [44] . For a given particle, or ensemble of particles, the LSPR is readily ascertained by recording the extinction spectrum.
For light at a given frequency, ω, incident on a nanoparticle sample, the total extinction (E) due to the LSPR is given as the sum of the components for light scattering (S) and absorption (A). This relation can be expressed via the respective cross sections, σ, that are given in the Mie limit by eqs. 1-3 [45] (1)
Here α' is a dipolar polarizability, modified with a retardation correction to account for finite wavelength effects, and k is the wave vector of the incoming light. Knowing the scattering-to-absorp- Boosting singlet oxygen emission 887
tion ratio is fundamentally important as some theoretical considerations point to the fact that only the scattering properties of the nanostructures are relevant with respect to the radiative enhancement phenomenon [46, 47] . Indeed, experiments described below have been performed with this in mind. Despite this statement about the scattering cross-section, the mechanism by which metal-enhanced luminescence occurs is still not fully understood. As outlined in this paper, we believe a study of the singlet oxygen system provides insight in this regard.
Singlet oxygen
It has already been established that, with appropriate control of the shape and size of a given nanoparticle, one can create an LSP that is energetically resonant with the 1275 nm [14, 48] . Moreover, and arguably most importantly, we have also performed the proof-of-principle experiment demonstrating that the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition can indeed be enhanced by a nanoparticle with such an energetically matched LSP [14] . In the present paper, we discuss this phenomenon further, presenting new data pertinent for our attempt to elucidate mechanistic aspects of this metal-enhanced process.
A convenient method for singlet oxygen production, and the method employed in the present study, is photosensitization ( Fig. 1 ) [17, 18] . In this process, a molecule called the sensitizer (typically a large organic molecule), absorbs light in the UV-vis region of the spectrum to populate an excited singlet state, S n . Fast internal conversion (k ic ) to the first excited singlet state, S 1, then occurs. For a good singlet oxygen sensitizer, this is followed by efficient intersystem crossing (k isc ) to the lowestlying triplet state, T 1 . This latter process kinetically competes with fluorescence from S 1 . The lifetime of the T 1 state is usually sufficiently long for ground-state molecular oxygen to approach the sensitizer such that singlet oxygen can be created via collision-dependent energy transfer. The efficiency of this series of events is expressed through the singlet oxygen quantum yield, Φ Δ , for a given sensitizer.
The removal of the singlet oxygen thus produced can be described in terms of three general kinetically competing processes [17, 18] : (1) Chemical reaction with a solute that might be present in the system. Such reactions are important in processes that result in the death of a biological cell, for example. (2) Interaction with a solute and/or the solvent that results in the nonradiative physical deactivation, or quenching, of singlet oxygen to regenerate the ground triplet state of oxygen (k nr in Fig. 1 ). In our present experiments, the metal nanoparticle itself could quench singlet oxygen in this way. (3) Interaction with a solute and/or the solvent that results in the radiative deactivation of singlet oxygen to regenerate the ground triplet state of oxygen (k r in Fig. 1 ). It is this process with which we are arguably most interested in the present study. For the moment, it is important to recognize that the magnitude of k r depends significantly on the molecule with which singlet oxygen collides [18, 19, 49, 50] . Nevertheless, despite pronounced solvent effects on both k nr and k r , the magnitude of the solvent-dependent k nr is generally much larger than k r , which yields a small quantum efficiency for singlet oxygen phosphorescence, Φ P (eq. 4, where τ Δ is the singlet oxygen lifetime) [17] [18] [19] .
(4)
Metal-enhanced effects in systems involving singlet oxygen
With Fig. 1 and eq. 4 in mind, it is important to distinguish between the possible ways that a metal nanoparticle can influence the photosensitized singlet oxygen system. On one hand, it has been shown that a metal can influence the yield of singlet oxygen production, by influencing the yields of the sensitizer singlet and triplet excited states (i.e., influencing the yield of the singlet oxygen precursor) [51] . Although one must be aware that such a phenomenon can occur, one must also acknowledge that singlet oxygen production is rarely a limiting factor in many systems of practical importance; there are already a plethora of sensitizers that produce singlet oxygen with a quantum efficiency near unity.
On the other hand, the metal nanoparticle could influence the radiative rate constant for the
and, by extension, the quantum efficiency of singlet oxygen phosphorescence. Because the latter is often a limiting factor in detecting singlet oxygen (i.e., Φ P1 0 -5 -10 -8 ), any metal-enhanced gain here will be of great benefit.
RESULTS AND DISCUSSION

Optical properties of the gold nanodiscs
To successfully enhance the radiative transition from singlet oxygen to ground-state oxygen, one needs a metal nanostructure where the LSP is tuned to match the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition at 1275 nm. To this end, we opted to work with gold nanodiscs on a flat glass substrate (Fig. 2) . Using a lithographic technique [32] , one can readily prepare samples in which (1) the size of the disc is controlled and (2) all of the discs have the same size. Indeed, efforts to minimize the effects of polydispersity on the inhomogeneous broadening of the ensemble optical response is a key factor in ensuring that experiments can be performed in which more than one disc is sampled while still retaining a comparatively narrow LSPR spectral profile. With these nanodiscs, the energy of the LSP is readily tuned by changing the diameter-to-height aspect ratio, AR, (Fig. 2) . In short, with an increase in AR, the LSPR shifts to longer wavelengths. The exact spectral position of the LSPR also depends on the refractive index of the dielectric medium surrounding the nanodiscs (Fig. 3) , and this must be taken into consideration when preparing the system designed to enhance the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition.
For our proof-of-principle experiments, two different disc samples were prepared: one with discs in which the LSPR has a maximum at a shorter wavelength than the 1275 nm O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition (h~ 20 nm, d~ 150 nm) and another in which the LSPR is resonant with the 1275 nm O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition (h~ 20 nm, d~ 260 nm) (Figs. 3,4) . The SEM image shown in Fig. 2 illustrates another key aspect of our samples: in this case, the average disc density on the glass substrate is 2.2 discs/μm 2 and corresponds to a projected area coverage of 11 %. As such, the distance between discs is sufficiently large to preclude near-field coupling between the respective LSPs [14, [52] [53] [54] [55] . The distribution of the discs shows no long-range order which minimizes the effects of longer-range dipole coupling seen in regular array configurations [14] .
In Fig. 3 , we show representative extinction spectra for these two disc samples. Moreover, by independently recording the absorption spectra for these samples, we are able to isolate the scattering spectrum. Also shown in Fig. 3 are the effects of changing the refractive index of the surrounding medium. To make our samples easier to handle, we used glassy polystyrene (PS) as the solvent for the singlet oxygen experiment. As such, it was necessary to design the AR of the structures to ensure that, with the solvent-induced red-shift of the LSPR, we would indeed be resonant with the 1275 nm
Enhancement of singlet oxygen phosphorescence
Parallel experiments were performed with samples that had no nanodiscs, nanodiscs with d~ 150 nm in which the LSPR was not resonant with the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition, and nanodiscs with d~260 nm in which the LSPR was resonant with the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition (Fig. 4a) . All samples were coated with a thin layer (~100 nm) of PS doped with the singlet oxygen sensitizer tetraphenylporphyrin, TPP. The TPP concentrations employed were about 50 mM to yield absorbances of 0.2-0.3 at 420 nm, Fig. 4a .
Despite working with comparatively high TPP concentrations, evidence of aggregation was not observed in the TPP absorption or fluorescence spectra. The presence of TPP was evident, however, when examining the kinetics of singlet oxygen decay in a time-resolved experiment [14] . The singlet oxygen lifetimes thus obtained, τ Δ = 16-18 μs, were independent of whether the sample contained discs or not, and are consistent with a system in which there is moderate quenching of singlet oxygen by TPP [56] . Also, the spectral profile of the emission signal recorded was identical in all samples and, with the spectral resolution limited by the use of a series of interference filters, was consistent with that expected for the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition. The laser beam used to irradiate TPP at 420 nm was focused to a ~1.4-μm-diameter spot at the sample and thus covered 3.4-26 nanodiscs, depending on the sample and the disc density [14] . Upon irradiation at a given position on the sample, emission was independently monitored at three different wavelengths: 650 nm (TPP fluorescence), 1200 nm (background signal), and 1275 nm (singlet oxygen phosphorescence). Data recorded from several irradiation positions were averaged. The data obtained did not vary notably with the position on the sample that was irradiated, which is consistent with the fact that the samples appeared homogenous. The data, normalized for differences in absorbance at the excitation wavelength, are shown in Fig. 4b . It is clear that the intensity of the singlet oxygen phosphorescence signal is much greater from the disc-containing sample in which the LSPR is resonant with the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition. For the disc-containing sample in which the LSPR is not resonant with the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition, the phosphorescence intensity observed is still greater than that observed in the disc-free control sample. This is reasonable considering that the "tail" of the LSPR in the non-resonant sample still has appreciable intensity at 1275 nm (Fig. 4a) . Furthermore, we verified that no singlet oxygen phosphorescence was produced following 420 nm irradiation of (1) TPP in a sample in equilibrium with an oxygen-free atmosphere, (2) TPP-free gold nanodiscs, or (3) a neat glass slide (Fig. 4b) .
Enhancement of the 650-nm TPP fluorescence was not observed in either disc-containing sample, indicating that the effect shown in Fig. 4b is not due to metal-enhanced absorption in the sensitizer or to lateral scattering of excitation light leading to artifacts of increased path length. Furthermore, we performed additional experiments using a microscope objective with a smaller numerical aperture. If lateral scattering in the disc sample was a problem, we would expect to see different enhancement factors (relative to a sample without discs) when using two different objectives because emitted light would then be collected from different solid angles. We observed no change in the enhancement factor when using different objectives; only the signal magnitude changed according to the different collection efficiencies. Experiments where the sample was tilted slightly with respect to the incoming laser beam likewise resulted in no changes in observed enhancement.
Returning to eq. 4, the absence in our samples of a metal-enhanced effect on TPP fluorescence implies that there is likewise no metal-enhanced effect on the quantum yield of singlet oxygen, Φ Δ . This is arguably expected given the position of the LSPRs in our sample. In any event, even if there was an effect on Φ Δ , because the inherent singlet oxygen yield for TPP is already high (Φ Δ = 0.7) [57] , a metalenhanced increase in the production efficiency of singlet oxygen would not be able to account for the observed data. Moreover, we have also ascertained that the metal discs have no effect on the singlet oxygen lifetime, τ Δ . Thus, the data are consistent with a plasmon-dependent increase in the rate constant for O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) radiative decay, k r , eq. 4. It is important to note that this increase in k r is not manifested in the values of τ Δ (vide supra) because, under all conditions, singlet oxygen decay is still dominated by nonradiative pathways (i.e., despite enhancing k r , we still have k r << k nr and τ Δ ≈ k nr -1 ).
The "true" enhancement factor
In considering the logistics of how our experiments were performed, it becomes clear that the "true" extent to which k r is enhanced must be larger than the observed value of ~3.5 shown in Fig. 4b . The distance over which the plasmon-dependent electromagnetic field extends away from the nanodiscs is not large [58] , and we estimate that the corresponding plasmon-influenced volume in our system is less than 1 % of the total volume containing the TPP that is irradiated. Thus, the number of singlet oxygen molecules that experience the effect of the LSP-dependent field is only a small fraction of the total number of singlet oxygen molecules produced and, by extension, detected in our experiment. In support of this statement we performed independent experiments with thicker PS films over the discs, keeping the TPP concentration fixed. In this case, as expected, the enhancement factor indeed decreased. Thus, the enhancement of k r for those molecules within the near-field of the LSP must be significantly greater than the average factor of ~3.5 measured [14] . Moreover, it should be possible to increase k r to the extent where this radiative transition dominates singlet oxygen deactivation, (i.e., k r >> k nr ) and thereby obtain phosphorescence yields close to unity (eq. 4). However, the experimental realization of this hypothetical situation will likely involve more sophisticated design of the nanoparticles as well as the experimental approach.
R. TOFTEGAARD et al.
Nanosandwiches
The spectra shown in Fig. 3 indicate that the disc-containing samples from which enhanced singlet oxygen phosphorescence was observed have extinction spectra in which the LSPR is characterized by a comparatively large component of optical scattering as opposed to absorption. We have alluded to the fact that some theoretical treatments expect a correlation between the scattering cross-section and the propensity of a given metal particle to enhance a radiative process [15] . In an attempt to experimentally address this fundamental question, we set out to prepare and use nanoparticles in which we could control the relative magnitudes of the scattering and absorption cross-sections.
We felt that the most reasonable approach to this end would be to exploit hybridization effects associated with the coupling of LSPs from separate, but adjacent, nanoparticles. As such, we extended our disc structures and constructed "nanosandwiches", Fig. 5 , in which a dielectric silica disc is sandwiched between two gold discs [59] .
For the current discussion we note that this sandwich geometry gives rise to hybridization between LSPs on the two discs that produce distinct resonances in the extinction spectrum (Fig. 5) . For our particular sample, the more intense resonance with a band maximum at ~920 nm is composed of both scattering and absorption components, just as in the single disc structure (Fig. 3) . However, for the sandwich with this geometry, we are also able to obtain an LSPR that is energetically close to the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition (Fig. 5) . Although not particularly intense, this band with a maximum at ~1280 nm is the result of asymmetric LSP coupling, and the spectral feature is predominantly due to light absorption (admittedly, this absorption band sits on a featureless tail of the scattering component whose band maximum is at ~920 nm). As such, when using this sandwich in a singlet oxygen experiment, we might not expect to see an enhanced phosphorescence signal. Upon performing the experiment, and within our detection error, there was indeed no evidence of a metal enhanced effect on the
Solution-phase experiments
Although the use of nanodiscs immobilized on a glass substrate has many advantages in a mechanistic study of metal-enhanced radiative transitions, it also has limitations. For a number of reasons, including ease of preparation and practical applications, it would be of benefit to develop a technique whereby suitable nanoparticles could be prepared and used in bulk solution-phase experiments.
In recent years, there has been a considerable effort to prepare asymmetrical nanoparticles that can be suspended in solution and whose LSPRs can be tuned over a wide range of the spectrum, including the near-IR in a domain spectrally coincident with the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition [48] . When considering the data obtained thus far in terms of our own desires, we wanted to avoid an approach that was based on a simple nanostructure (i.e., a gold nanorod) because, with the ARs required to obtain an LSPR at 1275 nm, rather complicated synthetic, purification, and handling procedures would be needed to ensure the production of a homogeneous distribution of particles that did not aggregate. Rather, we opted to focus on the preparation of composite particles that take advantage of the inter action between different gold layers. As outlined in our discussion on the nanosandwiches, this approach would, in principle, also allow us to discriminate between the scattering and absorption cross sections.
With these points in mind, we first used convenient and well-established chemistry to prepare gold nanorods with a comparatively small AR (i.e., the LSPR is in the visible region of the spectrum, at an energy much higher than that of the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition). We then coated these nanorods with a layer of silica, onto which we finally added an overcoat of gold to create a "nanorodin-nanoshell" geometry. These steps are illustrated in Fig. 6 . Gold nanoshells have previously been shown to exhibit resonances in the near-IR [60] . As mentioned, however, we wanted to capitalize on potentially helpful effects of hybridization between the nanoshell LSP modes and the nanorod LSP modes. We ascertained that, as expected, changes in the dimensions of any one of these layers indeed result in a change in the spectroscopic properties of the nanoparticles [48] .
Most importantly, these multilayer nanoparticles yield a LSPR with appreciable extinction at 1275 nm (Fig. 7) [48] . The fact that this LSPR band is quite broad likely reflects, in part, the asymmetry of the coupling between the core gold nanorod and the gold overcoat (i.e., the distance between the core rod and the outer layer varies given the asymmetry of the rod).
From the extinction spectrum shown in Fig. 7 , it would appear that our multilaminate gold-silicagold particles are well suited to enhance singlet oxygen phosphorescence. Unfortunately, at the desired wavelength of 1275 nm, the optical extinction is mainly of an absorbing nature. In this way, our multilaminate particles resemble the nanosandwiches. Indeed, when recording singlet oxygen phosphorescence intensities, there was no evidence of a metal-dependent enhancement with these multilaminate particles. This is an effective reminder that achieving the appropriate LSPR in a metal nanoparticle is not enough; it appears that the LSPR must also be based on a large scattering cross-section. Illustration of the steps involved in the preparation of a gold-silica-gold multilaminate particle with appreciable extinction at 1275 nm [48] .
Mechanistic aspects of the enhanced O
We have demonstrated that the LSP associated with a metal nanoparticle can be used to enhance the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) radiative transition. One advantage of using this singlet oxygen system as a model to study the perturbing effects that a metal might have on a radiative transition is the fact that a great effort has already been expended to examine the effect to which a given solvent molecule will influence the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) radiative transition [18, 19, 49, 50, [61] [62] [63] [64] . It is established that the rate constant for O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) phosphorescence is comparatively small, principally reflecting the fact that this process is highly forbidden as an electric dipole transition. It has also been established that, upon interaction with a perturbing molecule, (1) the magnitude of the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) radiative rate constant can increase appreciably and (2) the extent of this change increases with an increase in the polarizability of the perturbing molecule [49, 63, 64] . This phenomenon has been attributed to a perturbation-induced, symmetry-disrupting process whereby the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) radiative transition can steal intensity from more allowed transitions between other states in the oxygen molecule [50] .
With this background in mind, it seems reasonable to suggest that the nanoparticle LSP may influence oxygen in the same way providing a perturbation that facilitates state mixing in oxygen and, as a consequence, making it possible for the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition to steal intensity from other more allowed transitions in the oxygen molecule. The foundation upon which the solvent-dependent perturbation of singlet oxygen is based is the notion that one is dealing with a "complex" between a given solvent molecule, M, and the oxygen molecule [65] . Indeed, this same notion of a "complex" has also been advocated by Lakowicz et al. to account for metal-enhanced fluorescence [15] .
CONCLUSION AND OUTLOOK
We have established that the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) transition in oxygen provides an ideal and relevant system to study the effects of a metal nanoparticle on the rate constant for a radiative process. We have not only demonstrated that the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) phosphorescent transition can indeed be enhanced by a metal nanoparticle with an appropriate LSPR, but that the efficiency of the enhancement phenomenon is likely to depend on an appreciable scattering component of the metal nanostructure.
As this field evolves, we expect much can be gained by the further development and implementation of techniques whereby nanoparticles with a large scattering cross-section can be readily made and functionalized. Indeed, by localizing a singlet oxygen sensitizer near the metal surface and, hence, by directly producing a large population of singlet oxygen in the electric field associated with the LSP, we anticipate that a comparatively large enhancement in the O 2 (a 1 Δ g ) → O 2 (X 3 Σ g -) phosphorescence will ensue. In turn, this could be extremely useful in a number of applications, particularly with respect to the optical detection of singlet oxygen in single biological cells during studies of cell death mediated by singlet oxygen [17, 20] .
